Abstract: An approach based on a comprehensive, unified model for fiber laser and amplifier systems is used in the design of high-power, high-energy systems. With guidance from the model, a chirally coupled-core Yb-doped fiber amplifier system is constructed. We use a two-stage system comprised of a 2.5-m long fiber preamplifier and a 3.0-m long fiber booster amplifier to illustrate the method. This compact system is capable of generating outputs of up to 1.2 mJ for 25-ns pulses at a repetition rate of 100 kHz, with average power of up to 121 W, and a slope efficiency of 82%.
Introduction
High power and high energy fiber lasers play important roles in research and in industrial applications. New fibers and new models for achieving even higher performance fiber lasers with high beam quality are constantly being developed. Generally, scaling of the fiber core diameter has been pursued as a means for enabling higher powers or higher energy amplification [1] . This approach works well up to a limit where the core waveguide size begins to support high-order modes. For core sizes beyond the single-mode limit, methods to mitigate high-order mode operation must be employed. Several such methods have been successfully implemented. These include use of triple clad fibers [2] and fibers with waveguides with reduced numerical apertures such as those made from photonic crystal fibers (PCFs) [3] . However, systems constructed from PCFs can have cumbersome form factors that cannot be packaged into compact systems because bending the fiber would destroy some of its desirable properties-thus limiting use of this type of fiber in portable and compact high-power, high-energy lasers [4] . Furthermore, there is also an adverse phenomenon, generally referred to as a thermal modal instability, common in photonic crystal fibers, that still needs to be resolved or suppressed [5] . Over the past several years, different types of fibers have been investigated for high power or high energy applications. Most fiber types cannot overcome the limitations to high power or high energy operation. Another route to single spatial mode operation is to introduce preferentially higher losses for higher-order modes. This is typically implemented by mechanically coiling the fiber into a tight loop that evanescently expels higher order modes [6] . A more recent method for high-order mode rejection is based on a fiber design that has a single, large diameter core at the center of the fiber, surrounded by one or several smaller cores that helically wind around the central core [7] . Fibers with this type of structure are potentially viable for high-power or high-energy amplifiers with compact volumes [8] . This paper reports on recent results on use of chirally-coupled-core (3C) fibers in the construction of a high energy amplifier. The system constructed is based on design parameters derived from a unified modeling and simulation method for high-power fiber laser systems [9] . The design configuration for the compact system arrived at in the present work is capable of generating a high quality beam (M 2 < 1.2) at 1064 nm. It can amplify 25-ns pulses at a repetition rate of 100 kHz to pulse energies of up to 1.2 mJ at an average power of up to 121 W. The two-stage system has a total gain of ∼39 dB, and an output slope efficiency of 82%. The unified modelling approach is critical to the design of this compact amplifier system.
In general, during the design, development, and construction of fiber laser or amplifier systems, there is a tendency to construct systems that are characterized by either high average power or high pulse energy outputs as shown in Fig. 1 , which shows results gathered from the literature for several fiber laser systems reported between 2002 and 2014 [10] - [15] . This tendency is sometimes a result of an objective decision but more often, it is a consequence of the fiber type used in the construction of the system. As a general rule of thumb, high average power systems have high repetition rates and high pulse energy systems have moderately low repetition rates to allow concentration of more energy into each pulse [15] . If the objective is to design one or the other of the two systems, with its associated output power/energy requirements, an implicit choice is also made of the computational model to be used for the necessary simulations. There is usually a wide gulf between the two design objectives and approaches. The common approach to analyzing fiber amplifiers is to separately use rate equations for computing the unsaturated gain in the continuouswave (or quasi-continuous-wave) regime of operation, and then use a nonlinear Schrödinger-type equation to follow the evolution of a pulse in the system where dispersion and nonlinearity may play an important role. These two approaches are usually distinct and considered necessary because the gain of an amplifier cannot be determined from the nonlinear Schrödinger-type equation. A problem arises, however, when the laser or amplifier system leads to both high power and high energy outputs. In other words, when it is desirable to construct fiber systems whose average power and pulse energy coordinates fall within the top right-hand corner of Fig. 1 (beyond the dashed line indicated by the arrow), the conventional approaches to designing fiber systems then fail. It is under these circumstances that a need for a unified method of analysis becomes essential. We have discussed the development of such a unified modeling method in a previous publication [9] . Here, we will only focus on its specific application to designing a high power, high energy, fiber amplifier system that is constructed from a type of fiber that has a chirally-coupled core.
We briefly describe the properties of the 3C fibers. Chirally-coupled core fibers are a new generation of fibers with unique features for fundamental mode operation when used as gain media in high power fiber lasers [16] , [17] . Unlike standard large core fibers or PCFs, these fibers are not known to exhibit thermal modal instability, which can generate high-order modes that dance around the fundamental mode [18] . Without the air-hole structure of PCFs, the all-silica structure of the 3C fibers is amenable to fiber-splicing, and is suitable for compact all-fiber based inter-connection systems. The fiber, which has a large central core, doped with the desired gain impurities at the appropriate concentration, is surrounded by one or several helical side-core(s). This type of fiber is spun at a high rate during the drawing process, causing the satellite core(s) to helically orbit the main core along the fiber length with a pitch of on the order of a few millimeters. In operation, this configuration generates an optical angular momentum in the fiber. The fundamental mode of the fiber only has spin-angular momentum while the higher order LP modes have orbital-angular momentum as well. These attributes lead to symmetry-based distinction between the modes. All modes, except the fundamental one, become radiation modes and do not propagate in the fiber core when the fiber is properly designed [19] . The pitch of the helix can create a quasi-phase matching condition between the modes of the central core and those of the satellite core(s) when there is strong coupling between the two types of modes [19] . When this happens, any higher-order modes generated in the core are out-coupled to the side core(s) and radiated into the cladding so that only the fundamental mode remains in the central core. A properly-designed 3C fiber is therefore capable of maintaining a single spatial mode structure in the large central core area.
Configuration and Theoretical Results
The configuration of the laser amplifier system constructed in this work is shown in Fig. 2 . It consists of three components: a pulsed seed fiber laser, a preamplifier and a main power amplifier. The seed amplifies a stable, computer-controlled, pulsed semiconductor laser emitting at 1064 nm; its temporal pulse width and repetition rate can be varied, respectively, from 3 to 100 ns and from 1 to 500 kHz. For the results of the amplification process reported here, the selected pulse width is 25 ns and the repetition rate is 100 kHz. The average power of the seed is 15 mW. Amplification is performed in a two-stage system: first, in a preamplifier comprised of 2.5 meters of 3C fiber, and then in a booster amplifier comprised of another 3 meters of a 3C fiber. Both fibers can be tightly coiled and spliced with standard fibers if required. The core diameter of each fiber is 34 μm, while the cladding has a diameter of 250 μm. The size of the central core and that of the cladding permit high power pumping. Our system is pumped with pig-tailed 976-nm diode pump sources. With this configuration, the preamplifier can provide a gain of ∼21.2 dB in the 2.5-m long fiber, while the booster amplifier can provide ∼17.8 dB in 3 m of fiber, for a total system gain of 39 dB. Prior to constructing the amplifier system, detailed performance simulations of the configuration in Fig. 2 are carried out using the unified modeling method [9] . The details of the model and exemplary applications of it can be found in reference [9] . Note that the preamplifier and booster amplifier are backward-pumped. Fig. 3 shows the computed average output power at different propagation lengths along the preamplifier and the booster amplifier. The pump power utilized in the preamplifier [see Fig. 3(a) ] was 4.5 W for an initial input seed power of about 15 mW. This amount of seed light can be amplified to power levels greater than 2 W in the 2.5-m long fiber section of the preamplifier; this is sufficient to serve as input for the booster amplifier. Because of the relatively low initial seed input power, the transmission efficiency of the preamplifier is not very high. The pump power is drastically depleted from the input to the output side of the system. Nearly all the pump power is absorbed by the fiber even though over 2 W of the pump power appears to not have been converted to amplified seed light; the expected slope efficiency is therefore about 50%. The gain of the preamplifier, as shown in Fig. 4(a) however, is fairly large. Fig. 3(b) shows the computed average power at different propagation lengths along the 3-m long Yb-doped fiber of the booster amplifier. As already stated above, the input to the booster amplifier section of the system is ∼2 W of average power and 23 μJ of pulse energy. This section of the amplifier is backward-pumped with about 150 W. The average output from the booster amplifier is over 120 W, representing a fairly high transmission efficiency. The growth of the amplified seed in the booster amplifier closely follows the available pump power; there is very little residual power left in the backward-directed pump. The majority of the pump power is converted to amplified seed power. One expects the conversion efficiency from the pump light to the amplified seed light to be >75%, which is the desirable ideal amplification process. This condition is illustrated in the simulation of Fig. 4(b) .
With sufficient pump power, the 2.5-m long Yb-doped 3C fiber of the preamplifier is capable of generating a gain of 22 dB. There is virtually no amplified spontaneous emission (ASE). The simulation in Fig. 4(a) indicates that the total gain in the initial part of the fiber is rather low. This can be understood from the point of view that because of the backward-pumping scheme, the inverted population in this part of the fiber is relatively low and thus the low gain is expected. The inverted population in the section of the fiber closest to the entrance of the backward pump, on the other hand, is high. The gain in this section therefore increases very rapidly. This characteristic of total gain and unit gain is beneficial for the low initial seed light to quickly overcome any fiber losses and to rapidly increase its power in a short fiber length. Because both the inverted population and the amplified seed light are high at the same spatial position in the fiber, ASE is suppressed. Overall, one can achieve high gain with limited ASE in the preamplifier section of the system. In the booster section of the amplifier, with a power conversion efficiency of over 75%, the 3 m of the Yb-doped fiber can generate a gain of about 18 dB. The simulation in Fig. 4(b) illustrates the almost linear total gain along the amplifier length. There is no obvious sign of gain saturation in the amplification process.
Gain in fiber amplifiers is generally strongly correlated to the upper level population. Fig. 5 (a) shows the calculated upper level population distribution in the preamplifier and booster amplifier sections of the fiber. The relative population density along the length of the fiber sections reflects the nature of the backward-pumping scheme utilized in the two amplifiers. This is the reason for the relatively higher population densities toward the end of each section of the fiber. Notice how the amplified seed power increases dramatically toward the end of the fiber in Fig. 3(a) . The intensely amplified seed light in the preamplifier leads to a relaxation of the relative population density toward the end of the fiber as indicated in the simulation of Fig. 5(a) . For the main (booster) amplifier on the other hand, the relative population density is fairly uniform [see Fig. 5(a) ] along the fiber length, leading to the almost linear total gain as illustrated in Fig. 4(b) . To assess whether there are any nonlinear effects in the system we have constructed, we have calculated the B-integral (a measure of nonlinear behavior in the limit of high powers in the core) for the preamplifier and the main amplifier sections of the fiber [20] . The calculated nonlinear phase accumulations are shown in Fig. 5(b) along the preamplifier and the main amplifier sections of the fiber. As expected, the B-integral for the preamplifier section of the system is fairly small, given the relatively low power and low pulse energy in this section of the amplifier system. However, the B-integral gradually increases along the length of the main amplifier as one would expect for the increased energy level which ultimately can be over 1.2 mJ at the output of the system. At the output, the accumulated value of the B-integral is about 3 radians (well below the onset of nonlinearities at about 5 radians) [10] ; as a result, we do not notice any obvious nonlinear behavior in the system we have constructed. Nonlinear effects are therefore not expected to limit the amplification process.
For the given pulse width of 25 ns, the expected peak output power of the preamplifier system in this study is close to 1 kW. We show in Fig. 6 (a) the rapid increase in peak power from below 10 W to 1 kW. Although the rate of increase in peak power is rather high, it is still well below the threshold for onset of nonlinear effects. In the power amplifier section of the system, the available 18-dB gain is able to amplify the seed pulse energy to 1.2 mJ at the output. The strong unit gain in this section of the amplifier is also able to boost the peak output power to 50 kW. As illustrated in Fig. 6(b) , the simulated curve for the peak power is nearly a straight line, representing the ideal amplification process we mentioned earlier, with no sign of gain saturation. The measured output results discussed below support the simulations.
Experimental Results and Theoretical Optimization
The key measurements performed on the amplifier system in this work are (i) the output powers for various pumping levels, (ii) the corresponding spectra, (iii) pulse width, (iv) repetition rate and (v) output beam quality. The experimentally measured results obtained in this work can be understood within the unified simulation model. The plot of the measured output power for increasing coupled pump power in the main amplifier is shown in Fig. 7(a) . For coupled pump power of 153 W, we obtain an average output power of ∼121.4 W. This output was only limited by the available pump power. The measured slope efficiency is 82%, which is excellent compared to other high power fiber lasers in this class. The output power is related linearly to the coupled input pump power. Beyond the highest pulse energy value (>1.2 mJ) derived from these measurements, one begins to notice some gain saturation. Overall, the measured power and pulse energy values qualitatively agree with the simulations. A key parameter for characterizing the quality of an optical beam is the so-called M 2 parameter; this is a metric for quantitatively evaluating the spatial intensity profile of a beam at its waist (when the beam is assumed to be Gaussian-shaped). In our experiments, we measured the average M 2 parameter to be about ∼1.2 for all output power levels up to 121.4 W, which represents the highest power level from the system we have constructed; we note, again, that this output was limited by the pump source available to us. A micrograph supporting the Gaussian beam intensity profile is shown in the inset of Fig. 7(a) . The measured average power and pulse energy coordinate of the experimental configuration in this work is shown in the general graph of Fig. 1 . If sufficient pump power had been available to us, the expected theoretical limit of this configuration would have been an average power of 202 W and a pulse energy of 2 mJ.; this (power, energy) coordinate is also indicated in Fig. 1 .
The spectrum of the seed light as well as that of the amplified copies of it along the amplifier chain is an important characteristic for high-power, high-energy laser systems. In Fig. 7(b) , we show the normalized spectra for the (i) seed, (ii) preamplifier, and (iii) main amplifier. The seed spectrum is narrow and centered at the wavelength of 1064 nm. After propagating through and while being amplified in the preamplifier and main amplifier, the seed light spectrum broadens. Because of the finite linewidth of the pump source, its high power level, bandwidth of the gain medium, and magnitude of the gain, one expects transitions from the manifold levels on either side of the central emitting energy level to contribute to the spectrum. This explains the spectral broadening observed in the outputs of the preamplifier and the main amplifier; the spectrum-broadening mechanisms are similar to those one would expect to see in standard fibers. Note that the spectra of both the preamplifier and amplifier broaden at intensity levels below −10 dB, which is considerably much lower than the intensity of the central peak.
We have also characterized the temporal properties of the amplifier system. The measured pulse width (25 ns) of the seed light is shown in Fig. 8(a) . While it is straightforward to measure the temporal characteristics of the seed light, measurement after traversal through the preamplifier and main amplifier requires some care because of the high power and energy coming out of these amplifier stages. The simplest approach is to split off a known small fraction of the output beam and use this as input to an ultrafast photodetector. Such a measurement for the electrical spectrum of the pulse train using an electrical spectrum analyzer is shown in Fig. 8(b) . This spectrum repeats itself every 100 kHz, which is the repetition rate of the seed input laser. The contrast between the signal peak and background is below −30 dB; there are no spurious emissions between the pulses, meaning that very little to no noise is observed in the pulse train that emerges from the output of the last stage of the amplifier system. Based on the measured experimental and simulated results, we believe better performance from the system we have constructed is possible. Fig. 9(a) shows the measured and simulated output power results of the amplifier system; a clear extrapolation shows that it is possible to obtain even higher output powers with stronger pumping. Based on the simulations, we note from Fig. 9 (a) that for pump power levels larger than 300 W, the output no longer follows the linear fit closely. The decrease in the average output power is caused by gain saturation as shown in Fig. 9(b) . The curve without gain saturation is calculated using the traditional modeling method (which is incorrect), while the curve with gain saturation taken into consideration is calculated using the new unified modeling method. Because of gain saturation, there is a 100-W output power difference in output for 400 W of coupled pump power. At the onset of gain saturation, the amplification process is no longer efficient. Based on our simulations we predict that optimal amplification is obtained for coupled pump power levels between 150 and 300 W for the two-stage amplifier configuration discussed in this work. Beyond this, the design configuration and gain media parameters may need to be appropriately adjusted to obtain better performance.
Conclusion
In summary, we have provided experimental evidence that use of a unified modelling and simulation approach is an effective way of designing high-power, high-energy fiber laser or amplifier systems.
Here, we have experimentally implemented a design derived from the unified model in a compact amplifier system based on chirally-coupled-core fibers. Furthermore, we have shown that the unified model can be used to explain experimental observations. Finally, the model and simulations can provide useful guidance in designing fiber amplifier systems that operate predictably.
